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EXECUTIVE SUMMARY

1. Summary of the Program

The current Joint Services Electronics Program contract at the Coordinated Sciences Labora-
tory, University of Illinois at Urbana-Champaign, began on October 1, 1986, and will continue
through September 30, 1989. This report revicws accomplishments during the period April 1, 1988,
through March 31, 1989, and describes changes in the program that have occurred during the third
year. 'the present program includes 22 work traits that cover five major technical areas: (1) Solid
State Electronics, (2) Quantum Electronics, (3) Electromagnetics, (4) Information Systems, and (5)
Electronics Research (discretionary Director's unit). Solid-State Electronics includes six units pri-
marily devoted to the growth, characterization, and device fabrication of compound semiconductor
materials. Quantum Electronics includes three units: one unit studies charge density waves (CDWs)
in superconducting materials, and two units deal with plasmas and excited state chemisLr) :.^.
Electromagnetics contains two units: one concentrates on monolithic millimeter-wave ICs with
microstrip antennas and the second on the design and analysis of nonreflecting surface structures to
control radar scattering characteristics. Information Systems includes ten units covering important
topics in computers, control, communications, and signal processing. Detailed discussions of indivi-
dual accomplishments are presented in the main body of this report. In addition, two iems that have
been slected from among the many significant contributions are highlighted in the following para-
graphs. The first "JSEP Significant Accomplishment" is the conception and demonstration of a new
mechanism of tunnel injection in MODFET structures. This work was done under the new Unit 24
that was established at the start of the second year of the program. The second item is the comple-
tion of the University of Illinois EpiCenter, which was partially supported with JSEP discretionary3 funds.

During the last year the JSEP Director, Professor W. K. Jenkins, has continued to rely on the
recently established JSEP Internal Advisory Committee to help establish direction and policy for the
JSEP-sponsored research. Professors K. Hess, M. B. Pursley, and T. N. Trick are presently serv-
ing as members of the committee in the areas of Physical Electronics, Electronic Systems, and VLSI
Circuits and Computer Systems, respectively. The committee played a vital role in the planning and3 restructuring of the Illinois JSEP Program that was proposed in June 1989 for the next three years.

11. JSEP Significant Accomplishments (April 1, 1988 - March 31, 1989)

Conception and Demonstration of a New Mechanism of Tunnel Injection (Unit 24)

Professors Adesida, Kolodzey, and Leburton recently reported the conception and experimental
verification of a new mechanism of tunnel injection into the active region of MODFET structures.
Injection occurs through a tunnel junction parallel to the MODFET channel and is the basic mechan-
ism for sophisticated high-speed multi-terminal devices. Two novel transistor structures were
propozed-the BITFET and the TIFET-that exploit the new injection principle in a configuration
leading to Negative Differential Resistance (NDR) characteristics. Theoretical estimates of the
relevant time constants indicate possible operation in the 100 GHz range.

With barrier height equal to the band gap, the use of tunnel junctions has the advantage of
reducing thermionic emission competing with the tunneling current and results in high peak-to-valley
NDR ratios that are suitable for high-power microwave devices.

TIFET structures have been fabricated and tested in our laboratory. Experimental I-V charac-
teristics show evidence of tunneling in the 2-D channel of the MODFET across the tunnel junction
(see Figure 1). A patent application for the new devices has been filed by University Patents, Inc.

U
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ZI
Completion of the Uni-vrsity of Illinois EpiCenter (Unit 23)

in late 1988, construction of the University of Illinois EpiCenter was completed and a dedica-
tion c--remony was held in November of 1ORS to commemorate its opening. The EpiCenter is a

wvorld-class facility that consists of seven MBE chambers interconnected by high-vacuum transfer
tubes. Having the chambers, each of which is dedicated to a different type of material growth and
characterization, interconnected by vacuum lines allows samples to be moved from one growth
environment to another without external contamination. Since the planning for this new facility was
begun about five years ago and the constructi'w, has taken two years, the completion of this project is
a major accomplishment. All of the JSEP discretionary funds provided under Unit 23 of the current
contract were applied toward the purchase of several MBE chambers that will support future MBE
research in the JSEP program. Since the EpiCenter is described in detail under Unit 23, further
details will not be presented in this section. 3
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WORK UNIT NUMBER 1U
TITLE: Crystal Growth from the Vapor Phase and Controlled Doping of Equilibrium and Meta-

stable Semiconductor Alloys: Ion-Surface Interactions

SENIOR INVESTIGATORS:

J. E. Greene. Research Professor3 D. Lubben, Research Associate

SCIENTIFIC PERSONNEL AND TITLES:

3 F. Adibi, Research Assistant
P. Fons, Research Assistant
B. Kramer, Research Assistant
L. Markert, Research Assistant
D. Mcintre, Research Assistant
D. Mce, Research Assistant
J.-P. Noel, Research Assistant
R. Powell, Research Assistant
M. A. Ray, Research AssistantI

SCIENTIFIC OBJECTIVE:

The primary objective of this research program is to investigate energetic particle-surface
interactions that control the nucleation and growth kinetics, chemistry, and physical properties of
alloy semiconductors during vapor-phase crystal growth by UHV ion beam sputtering and
accelerated-beam molecular beam epitaxy. In both of these growth techniques, low energy ion-
surface interactions allow an efficient coupling of kinetic energy to the growth surface upon condensa-
tion, thereby altering the surface reactivity as well as adsorption and adatom diffusion kinetics allow-
ing single crystal filn growth at lower temperatures, much more precise control over dopant incor-
poration probabilities and depth distributions, and the growth of unique metastable alloys. This work
is being pursued from both an analytical and an experimental point of view in order to establish a
detailed understan(ling of fundamental film growth mechanisms.I
SUMMARY OF RESEARCH:

Incorporation Probabilities and Depth Distributions of Thermal and Accelerated Dopants in Semi-
conductors Grown by MBE

Most common n- and p-type dopants used in bulk Si technology and many dopants used in bulk
GaAs provide problems in MBE film growth due to either low dopant incorporation probabilities
and/or high surface-segregation rates. The problem is especially acute in MBE Si. We have attacked
these problems on two fronts. (1) As discussed in the last two annual reports, we have developed a
general time-dependent model, which combines thermodynamic and kinetic elements, for describing
the incorporation of thermal dopants into films during deposition. (2) We have investigated the use
of low-energy primary and secondary accelerated-ion doping during MBE growth to demonstrate
increases in ( bv more than five orders of magnitude, abrupt doping profiles with no indication of
segregati,-r,-i-1,,-ed broadening, an!d ,--,,ont electrical properties. Primary-ion doping experiments

3 University of Illinois at Urbana-Champaign Coordinated Science Laboratory
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ere carried out using a nev, ion source that was designed and constructed as part of this research
project. 3

()ur dopant incorporatic., model account. for dopant surface ,t-gregation and allows elemental
incorporation probabilities or and depth-dependent concentration profiles C(x,t) to be calculated as a
function of experimental parameters such as film and dopant material, deposition rate, incident
dopant flux, film growth temperature, etc. Calculated profiles from arbitrarily complex doping
schedules for both thermal and accelerated dopants are in good agreement with experimental results
tor dopants in MBE Si, GaAs, and Ga,_,All-, As. In addition, we have used the model to predict

critical temperatures for transitions in dopant segregation regimes, dopant-induced surface structural 3
phase transitions, and changes in dopant/surface reaction paths leading to large changes in surlace
binding energies and hence incorporation probabilities. All of these effects have now been observed
experinientall . We have recentlN predicted that there should exist a narrow growth-temperature
range over which abrupt doping profiles can be obtained for Al, a p-type dopant which exhibits
severe surface segregation, in MBE Si Our preliminary experimental results are in agreement shm-
ing, for the first time, abrupt modulation--doped Al profiles.

We have extended our dopant incorporation measurements, reported for In last year, to include
Sb. an important u-type dopant in Si technology. The incorporation probability a of thermallN coeva-
porated Sb ranges from 10 - to 10 at typical Si MBE growth temperatures Sb also exhibits severe
surface segregation with steady-state coverages up to a full monolaver. This not only gives rise to
broad profiles but also limits the maximum usable doping concentrations to < x10 -10 ci- due
to the necessity of using extremely large dopant fluxes that result in the production of high concentra-
tions of structural defects with a corresponding decrease in carrier mobilities.

Using the io- sources described previously, we have carricd out a detailed investigation of the
incorporation of accelerated Sb+ ions in MBE Si(100) with acceleration voltages V, of 50, 100, 200,
"00. and 400 V at growth temperatures T, ranging from 550 to 1050 'C. 7 t

five orders of magnitude higher than obtainable with thermal Sb beams. In fact, o- was unity for
Sb

V Sb > 300 V at T, < 850 'C. At higher growth temperatures, bulk diffusion becomes appreciable 3
nre !, .:han ,-urfa.c -gregaei-:, and hence doprit, , by (lesorption. At lower accelera-

tion potentials, asb was temperature and deposition-rate dependent. However, even at V -= ,0 V
Sb-

and T, > 650 C, a, was still more than an order of magnitude higher than for thermal doping.
and "I_

Moreover, surface-segregation induced profile broadening A sb, which for thermal-beam doping was >
100 .nm/concentration-decade for T, < 650 'C, was less than the depth resolution of the SIMS ineas-
ureinei., i.c. A f 15 nm/concentration-decade. In fact, we have used accelerated-beam (loping to 3
grow the first two-dimensional 6-doped MBE Si layers and demonstrated resonant tunneling.

"Potential-enhanced" or recoil-implantation doping has been proposed by several researchers in
Lurope as another possible technique for overcoming the problems associated with doping in MBEI
Si. In this approach, a fraction of the Si beam is ionized and accelerated to recoil implant surface-
segregated dopant species This, however, (toes not solve the profile broadening problem since a
steadv-state (loping concentration cannot be achieved until a steady-state surface coverage is reached.
We have carried out detailed measurements of Si+ ion current densities as a function of accelerating I
potential for several Si evaporator designs and determined the recoil implantation cross-sections as a
function of E for In and Sb The results show that optimum operating conditions require Esi. toSI Si
be > 1(0 eV leading to residual lattice damage. (Lattice damage has recently been reported by an
IBM group using 1000 V Sb recoil-implant doping). Moreover, this technique is of no value for
dopants such as As or P which also exhibit surface segregation but whose surface lifetimes are so
short that appreciable coverages are only obtained at a very' low deposition temperatures where
growth-related and ion-induced defects cannot be annealed out.

We have extended our earlier continuini l kpant inc rlpratihn model to formulate , discrete
atonlistic lattice m11odel which accounts for tlt( dttilccl t ( i strIctt iurlc,',- ;tructllre. The present I

University of' Illinois at Urlana-('hampaign Coordinated Science ILAmoraltorv
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La .se'jkelllcrart d. and chiaractcri/Cd .a nsadjustable grid. itilltiaptscratiirc 'ii

'.ire I he, capathilit% i :'- clatke lateral mioton of the _,rid .illo.s~ he l icaerini- ad ui~l i1i1I;ICnlI dUrIi>., "rCration. The -rid scparauoll distance is also adjuistable 110-s/u ailo\\ing indkepcnldcir
u,)trl O\%cr ilhc bcai current and \ oltagc x" hue lmainta-iiniiitiinuni11111 beam dil ereenClC. I XiCiC

il licall iden Cr.flcc. a1Ild hiX as iniich as a factor of' three r\ a comfhlrahl.2 fixed grid ,( urcc, 'crc

bIajiico - Fle dcpcendecec of' the micasured bcami divergencc onl thet soure opcratine conlklilioii'. ailkl
;,rid ,coiir% x\ crc exlie ae ilanl ion optics Ildl

3 1Electronic and] Optical Properties of Accelerated-Ion Doped NIBI" Si

A Combination oil im l ox-enicrgv and reflected high enertv electron difIfractioni(kiliI and
[IA-I). plait \ ic\. and cross-sectional transmission electron microscop\ (I N alld XIN), SIMNIS.

tempratre depndetIflall mecasureinen ts, low-temiperatne il (0111 pholnriscelicc (IT), anid deep-Iec l
lransient spec troscopv (Dl. TS) %\ere used to investigate the structure, dopauit distributtion, and dlcc tri-
cal properties of NIBI. Si( 100) films growl, at 800 'C with either 200 eV In- or 150) eV Sb_

acclcrtcddopnt eams The incorporation probabilities were found to be unity . A comiparisonU ct~ecn total kd(,ant concentrations deternilnedi b\ calibrated SfINS mecasuirements and dopaint con-
centrations obtained from f lail data shows that both In an d Sb were incorpora1t ed into ,su~bs4tIrti nla!
electrically-active, sites. The concentration ranges examined so far are 5xI l0 -2-x 10 cnir' for In.

16 ,10I%%xelI above! the equilibrium~l solid-soIlbilitV limit, and 10 -3x 10Cill for S, imore than anl order of
mlagnIlitudeI abo(ve the highlest %-aluies obtainable bv thermal doigwithoul trolWl!li1srcua
defect concentrations. In all cases, the films were found 1w TE-M and XTE-M analysis to be disloca-3 tion tree Wvito iI..) indlication of residlual ion-induced damage.

Carrier mobilities were found to be equal to, or higher than, the best reported valuies for bulk
Si. lin fact, hole mobilities measured in In-t-doped films were the highest ever reported for In-doped
Si and were much higher than mobilities for annealed hi-implanted Si. Temnperature-dependent (77
400 K) mobilities of In +-doped films were , eii dc.;crit-ed b , theoret''-i -1lculations.
'A ith iio adjustable parameters, including lattice, ioniZed impurity, neutral Impurity, and hioil-ole
scattering. The full effective mass tensor describing the non-isotropic andl non-parabolic band struIC-I hire was used. D)oping profiles in Modulated structures were ibrupt and in .situ ALS and RHI1xED
analysis showed no indication of significant dopant surface accumu11.lations as were obser\ ed during-
the growth of thermnally-doped films. Thus, uinder the present growth conditions, radiationl-inlduced

defects were annealed out at a faster rate than they were produced resulting in nok residual damage. -SRecently, wve have obtained the first high quality photoluminescence ever reportedI from NI3E S
films. In these experiments, we used a combination of low-temperature (4.2 K) IT and DLTS toIcharacterize Si(100) films doped with E *.=200, 500, and 1000 e V 75 As + ions (luring growth by
molecular-beam epitaxy on n~ Sb-doped substrates at temperatures T, of 650 and 800 'C:. Sharp no-
phonion, transverse-optical, and transverse-acoustic phonon assisted bound-exciton (BE) peaks associ-
atedl with As dopant species, together with broader, weaker, Sb)-related BE peaks, were the dlominant
Pl. features obtained from 5-im-thick layers. No peaks ascribable to residual ion-induced darnage1
were observed in films giet'.i at 650 'C vhi E, = 200 eV or T, 800 'C w ith F., = 20,50 n3 1000 cv'. No electron traps were observed by 1)1 S.

3University of' Illinois at Urbana-Champaign Coordinated Science Laboratory
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